In this paper, the nanoscale dissipative mechanisms of a Cu pad in a Ball Grid Array (BGA) packaging structure during isothermal ageing and uniaxial tension were investigated by the molecular dynamics (MD) method and experiments. From the result of the isothermal ageing test, a nonuniform consumption of Cu and large amount of Kirkendall voids were observed at the interface of Cu and Cu3Sn. To study the effect of pressure and orientation on this phenomenon, MD simulations were conducted on four types of Cu-Cu3Sn interface structures with different orientations of Cu. By comparing the diffusion coefficients of atoms in those cases, it was found that the tensile stress would inhibit the diffusion of atoms, whereas compressive stress would accelerate it, and this would be more significant under a larger magnitude of stress and temperature. Note that, in the model with the (101) surface Cu at the interface, both Cu and Cu3Sn have a higher diffusion coefficient compared with the model with (001) surface Cu. Thus, the orientation of Cu will also contribute to the uniform consumption of the pad. Uniaxial tension simulation combined with DXA and CSP analyses on those models also shows the model with (001) surface Cu has a greater mechanical reliability in our simulations and related experiments.
Introduction
To meet the requirement of portability, minimization and excellent capability, integrated circuits (ICs) have been miniaturized, and the chip integration density has grown sharply, resulting in a higher current density in the solder joint. This may cause atoms in the IC material to migrate much faster under the effect of electromigration (EM) and thermal ageing and lead to packaging failure. With the promotion of "Pb-free" solder materials, Sn-Ag-Cu (SAC) types of solder have been widely used in the electronic packaging industry. During EM and thermal ageing processes, the migration of atoms in IC materials, Cu atoms in Cu pads and Sn atoms in SAC solder joints are prone to combine together to form layer-shaped intermetallic compound (IMC), such as Cu3Sn and Cu6Sn5. With the formation of these types of IMCs, Kirkendall voids and cracks usually appear around or within them [1] . This phenomenon mainly occurs via the large difference in diffusivity between two different grains or their components and causes atoms to migrate out of a certain region, thus leading to the formation and evolution of voids [2, 3] and resulting in the degradation of mechanical strength that raises the risk of failure of electronic products. With the development of nanotechnology, nanomaterial and nanostructure [4] [5] [6] attracted people's attention, the structure and mechanical character of solder materials at a micro level have become hot issues in electronic industry.
From the research of H.W. Tseng et al. [7] , spallation at the interface between Cu3Sn and Cu was observed when at the temperature of 328 K, and a large number of Kirkendall voids appeared inside Cu3Sn. Considering the working condition of electronic products, the reliability of Cu-Cu3Sn interface should be taken into consideration. However, as IMC in solder material is usually at the micro-scale level, it is difficult to study its reliability via experimental methods. In recent years, the development of molecular dynamics (MD) theory has enabled micro-scale simulation of phenomena in many fields [8, 9] ; in particular, the diffusion rate and the mechanics behaviour of atoms can be obtained via MD simulation, which represents an alternative to experimental studies.
For the formation of Kirkendall voids in Cu3Sn, many researchers have focused on the diffusion character of IMCs in solder joints using the MD method. Feng Gao et al. calculated and compared the self-diffusion rates of Cu and Sn in Cu3Sn by MD simulation and verified that the large difference in diffusivity between Cu and Sn is the main cause of Kirkendall void formation within the Cu3Sn layer in lead-free solder joints [10] . According to the results of Zequn Mei et al., most voids in Cu3Sn are centralized near the interface with the Cu substrate [11] , which cannot be explained merely by the difference between the diffusivity of Cu and Sn in Cu3Sn. Thus, the diffusivity of atoms near the interface should be investigated separately. To address this problem, Basaran C and Sellers M S et al. studied the diffusivity of βSn in the presence of solute atoms at the grain boundary [12, 13] . According to their simulation results, the existence of solute atoms would accelerate the diffusion rate of βSn at the interface, which would make it easier to form voids. However, they only studied the grain boundary of βSn; the effects of IMC on solder diffusivity have still drawn less attention. Moreover, with the existence of a Kirkendall void, the interface strength at the Cu-Cu3Sn interface will be reduced, thereby inducing crack formation and expansion. The propagation of such interface cracks may be accompanied by dissipative mechanisms, such as dislocation motion and structural rearrangement, which play a powerful role in the deformation process. Addressing the failure mechanism of interface structure between different grains, Pradeep Gupta et al. [14] reported the Al-Cu50Zr50 metallic glass interfacial behaviour under mode-I and mode-II loading conditions based on MD simulation and analysed the dislocation evolution during these progresses; Hsien-Chie Cheng et al. [15] and Karoon Mackenchery et al. [16] studied the mechanical character of single Cu3Sn and Cu under tensile uniaxial tension separately. To the authors' knowledge, prior to this study, no MD simulation study reported the reliability of the Cu-Cu3Sn interface structure. Considering the risk of this structure in electronic packaging, the investigation of the dissipative mechanisms on Cu-Cu3Sn interface structure would facilitate evaluation of the reliability of solder joints under thermal ageing and monotonic stretching. This paper investigated the dissipation of a Cu pad in BGA packaging structure during isothermal ageing; the results show the inhomogeneous dissipative phenomenon of Cu occurred after 350 h at a temperature of 450 K. Considering the driving force of atom diffusion during electromigration (current density, temperature, and stress) [17] , the mechanical loading caused by thermal stress is the primary cause of this phenomenon. For the purpose of studying the effect of mechanical loading condition on the dissipation of Cu, this paper calculated the diffusion coefficient of atoms in perfect Cu-Cu3Sn interface structure via MD simulation. By comparing the diffusion of atoms near the interface with different loading condition at 450 K and 600 K, the effect of both tensile stress and compressive stress on the consumption of Cu could be investigated. Moreover, the orientation of Cu was also considered to affect its diffusivity; thus, we built different interface structures by rotating the Cu lattice to 15°, 30° and 45° along its b axis and calculated their diffusion coefficient at 450 K to investigate the effect of grain orientation to the dissipation of Cu under thermal ageing. Furthermore, the mechanical behaviour of Cu-Cu3Sn under mode-I (normal to the interface) loading conditions is also considered here, and the study will focus on its fraction location, dissipative mechanisms, such as dislocation during deformation. This part of the study aimed at providing good predictions of the effect of Cu orientation on the interface reliability to contribute to better understanding of the dissipative mechanism in the Cu-Cu3Sn interface structure.
Thermal ageing experiment on BGA structure
As is known to all, a higher current density and temperature would increase the diffusion rate of metal atoms in IC materials, thereby promoting the dissipation of the Cu pad. Hence, the isothermal ageing test is a good approach to study the effect of other factors on the dissipative of Cu. This paper conducted the isothermal ageing test with the Ball Grid Array (BGA) packaging structure, a FDMA8051L chip from Fairchild was bonded on a PCB via 6 solder joints, as shown in figure 1 . The material of the solder is SAC305 (Sn-3.0Ag-0.5Cu) with a diameter of 0.3 mm. The size of PCB is 50 mm × 50 mm × 1 mm, and the whole BGA structure is only 2 mm × 2 mm × 1.07 mm, where the thick of Cu pad is 0.055 mm. Test vehicles were set in an oven at a temperature of 450 K and then were removed after a certain ageing time. Figure 2 shows an SEM imaging result of a solder and pad after the ageing time of 160 h and 350 h. No significant dissipation of Cu was found in pad after ageing for 160 h, and less IMCs and Kirkendall voids were found at the interface; in contrast, figure 2 (b) shows us a completely different result: the pad was consumed heavily, and large number of IMCs are found to be distributed uniformly between the pad and the solder. With the help of EDX and EBSD analysis, the IMCs close to solder are identified as Cu6Sn5 and Cu3Sn, in agreement with the results published in the literature [3, 10, 11] . We also find that Kirkendall voids in Cu3Sn are mostly generated next to the Cu pad, whereas they rarely are observed in the region far away from the pad. This cannot be completely explained by comparing the diffusivity of Cu and Sn in Cu3Sn; thus, the atom diffusivity in the Cu-Cu3Sn interface structure should be taken into consideration. Note from figure 2 (b) that the consumption of the Cu pad shows a significant gradient character. The edge of the pad has been consumed completely, whereas the other side of the pad still has a certain amount of Cu, and the surface of the pad is shaped in the form of a slanted line. This phenomenon can be attributed to the diffusion of atoms in the trace and the pad. The Cu in the trace diffused and supplemented the drifted atoms in the pad, whereas the edge of the pad is far from the trace and obtains fewer supplements from it, resulting in Cu atoms in this region being consumed faster. In contrast, because no current loading occurred and the temperature is constant, these factors have less effect on this phenomenon. With the mechanism of thermal mismatch between different materials, a stress gradient is generated at the interface between the solder and the pad, considering the driving force of atom diffusivity in EM theory [17] , stress may have its effect on this phenomenon.
To investigate the effect of stress on the dissipation of Cu atoms in the Cu-Cu3Sn interface structure, analysis of the diffusivity of the structure under stress loading is required. One method to determine the atom diffusion rate is experimental migration rate testing [18] ; however, this method requires customized samples that are monitored by scanning electron microscopy, and this method requires a quite long time to observe the movement of atoms at macro-scale. In contrast, using the MD method, the movement of atoms can be clearly observed and counted; as a result, it has become an efficient method to study material properties at the micro-scale level.
Molecular dynamics simulation of the dissipative mechanisms of the Cu-Cu3Sn structure
For the atom diffusion problem, the mean square displacement (MSD) was calculated at a certain temperature in our MD simulation. MSD has been used extensively to describe the movement of atoms in solids, liquids and gases through the Einstein relations, which involves tracking atomic displacements [19] : 
N
is the total number of Cu and Sn atoms in the supercell; and the symbol < > denotes the average over time origins. Ideally, MSD(t) is a linear function of t after an appropriate time. Thus, linear regression is used to calculate the diffusivity from the MSD(t) curve.
The MD simulations were performed using a Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) [20] . To better describe the interactions between the Cu and Sn atoms, the modified embedded atom method (MEAM) interatomic potential was used. The MEAM interatomic potential has been fully discussed in references [21, 22] , and it has provided good results in simulating the mechanical properties [15, 23] , defect formation [24] [25] [26] and diffusivity [27, 28] of both solid and liquid materials; thus, it will not be introduced here again.
The MEAM parameters for the pure elements of Cu and Sn were taken from the database in LAMMPS, the L12 structure is here considered as the reference structure for Cu3Sn, and the MEAM interatomic potential of Cu-Sn used in LAMMPS can be found in [15, 29] , as shown in table 1. In our system, the angular screening was implemented using the method described in [22] . The value of Cmax is 2.8 for all element combinations, and Cmin is 0.8 for all element combinations except for a Cu atom screening two other Cu atoms, where Cmin = 2.0 [29] . Table 1 . Parameters for the MEAM potential used in LAMMPS 
The effect of pressure to the diffusivity of atoms in Cu-Cu 3 Sn structure
The Cu3Sn compound is a hexagonal close-packed Cu3Ti-type transition-metal IMC belonging to the space group 63 with Cmcm symmetry. It has been reported that the ordered Cu3Sn is a long-period superlattice alloy with periodic antiphase domains similar to the ordered Cu3Au [30] , as shown in figure 3 (a) . The interface structure built for the MD simulation is 55 Å × 64.8 Å × 63 Å of defect-free Cu layer and the same size of Cu3Sn. The interaction between the Cu3Sn (001) surface and the Cu (001) surface are considered in this MD simulation with no solute atoms at the interface. In this section, the simulations are performed with periodic boundary conditions in the X-and Y-directions, and non-periodic and shrink-wrapped boundary conditions are applied in the Z-direction. Before the MD simulation, the structure must be optimized. This optimization was performed in two steps. First, the two grains were placed next to each other at a distance of 3 Å; next, the structure was equilibrated using MD at the target temperature. This process is presented in figure 3 (b) . According to [13] , the diffusion coefficient of atoms is sensitive to their distances perpendicular to the interface; to better monitor the change of the atoms' diffusion coefficients in different areas, 8 layers were set up as surveillance regions, which were set every 6.5 Å from the interface. Each Cu region has 1344 atoms, and the Cu3Sn region has 972 atoms. To study the effect of stress on the atom diffusivity in the structure, different pressure that perpendicular to the interface were applied on the whole model to represent the stresses that the pad suffered; a schematic diagram is shown in figure  4 . Stresses of -400, -200, 200, and 400 MPa and load free (the negative sign represent for the compressive stress) were used here, and the atmosphere temperatures of 450 K and 600 K are used for comparison.
．

Figure 4 Molecular model with load vector
The simulation process is performed in the following manner. Structures were preheated from 100 K to the specific temperature for 30 ps under the condition of NPT (constant Number of atoms, Pressure and Temperature) with a Nose-Hoover thermostat to relax the internal stresses, and then the load vector was added gradually in the next 30 ps. Once the stress reached the given value and remained stable, the mean square displacements (MSDs) for all 8 regions in the modified structure were calculated in the following 20 ns with the time-step of 1 fs, with the data stored every 10000 time-steps (10 ps). After the simulation, the distribution of diffusion coefficient could be extracted, as shown in Figure 5 . ) show that, with the change of loading condition from tensile to compression, the diffusion coefficient of Cu3Sn rise gradually, especially for the results at 600 K. In figure 5 (b) , the diffusion coefficient of Cu3Sn nearest to the interface is 6.7E-09 cm 2 /s under a compressive stress of 400 MPa, whereas, under the tensile stress of the same magnitude, it is only 3.6E-10 cm 2 /s, which is much lower than the result of load free (3.9E-09 cm 2 /s). This indicates the tensile stress would inhibit the diffusion of atoms in Cu3Sn, and when the structure suffered compressive stress, atoms in Cu3Sn would diffuse faster. Because change of the diffusion coefficient of Cu atoms in the Cu part is not so significant for both cases at 450 K, the stress has little effect on the phenomenon studied in this domain. Note that, from figure 5 (b), atoms in the Cu part nearest to the interface also have a higher diffusion coefficient (1.1E-09 cm 2 /s) under a compressive stress of 400 MPa than that in load free case (1.3E-10 cm 2 /s). In other words, with the increase of temperature, the effect of stress on the diffusivity of Cu part is more significant, and it has the same tendency as the atoms in Cu3Sn. Thus, a conclusion can be made that stress will influence the diffusivity of atoms in the Cu-Cu3Sn structure: compressive stress accelerates the diffusion of atoms near the interface whereas tensile stress inhibits it, especially for the condition of higher temperature, which is well proved by the experimental result from Chen, W. J. et al. [31] . This huge difference of atoms' diffusivity induced by different loading conditions would cause the nonuniform consumption of pad.
The effect of orientation on the diffusion character of Cu-Cu 3 Sn
From the result by Yu-Jin Lia et al. [32] , the orientation of Cu in pad has a great influence on the growth of Cu3Sn that is induced by the diffusion and combination of Cu in the pad and Sn in the solder; thus, the effect of Cu orientation on the diffusivity of atoms in Cu-Cu3Sn interface structure should not be omitted. Addressing this issue, we investigated the orientation of grains in figure 2 The interface structure discussed in the last chapter consists of (001) surface Cu and Cu3Sn; to investigate the effect of Cu orientation on the atomic diffusion in the structure, different interface structures with various Cu orientations are built. As Cu has a lattice structure of FCC, it is fully symmetrical in each direction; thus, the structures studied in this paper are made by rotating the a-c plane to 15°, 30°, and 45° along the b axis, as shown in figure 7 . The diffusion coefficients of both regions were calculated at 450 K by the method introduced above, and then the diffusion coefficient evolution with the change of rotation angle was obtained. can be seen that, with the increase of the rotation angle, the diffusion coefficient of Cu3Sn rises gradually and reaches a highest magnitude when the rotation angle is 45°. Compared to the result that the structure of (001) surface Cu (1.36E-09 cm 2 /s), the diffusion coefficient of Cu3Sn in the structure of (101) surface Cu combined with the Cu3Sn increases to 2.95E-09 cm 2 /s. Moreover, the diffusion coefficients of the Cu layers in rotated structure also have a higher magnitude than that in the structure of (001) surface Cu, with the highest magnitude in the structure of rotation angle of 30°.
The higher diffusion coefficient indicates that atoms will be more active, thereby accelerating the consumption and growth of Cu and Cu3Sn, respectively, and in the structure of (101) surface Cu (rotation angle is 45°) combined with the Cu3Sn, the large difference of diffusion coefficient between Cu and Cu3Sn near the interface will promote the formation of Kirkendall voids, thereby decreasing the reliability of the solder structure, which in turn reduces the packaging lifetime. 
Dissipative mechanism analysis of Cu-Cu 3 Sn under mode-I loading condition
Mechanical behaviour of Cu-Cu3Sn with different orientation of Cu
With the consumption of the Cu pad and the appearance of Kirkendall voids in Cu3Sn, crack expansion is prone to occur along the Cu-Cu3Sn interface, causing slabbing to occur between Cu and Cu3Sn. A well-known method to estimate the interface reliability is the cohesive zone method (CZM), In this method, large deformations and interatomic separation is based on the concept of the crack tip cohesive zone [34, 35] . Cohesive zone models are the popular models for modelling interface fracture. In the CZM, the relationship between traction and separation should be obtained and used for the measurement of interface strength. The traction-separation relationship is parameterized through empirical data or by the method of inversion to obtain the parameters from the tensile test. Based on this approach, some researchers extracted the traction-displacement curve from MD simulation and used it to estimate the cohesive strength of different interface structures.
From the results discussed above, the orientation of Cu directly affected the diffusivity of atoms in the Cu-Cu3Sn interface structure. To study its effect on the interface strength of Cu-Cu3Sn, this paper investigated the mechanical behaviour of the structures under mode-I loading condition, and the relationship between averaged stress along the traction direction and displacement during deformation is used here to compare the interface strength of different models.
In this part of simulation, an asymmetric boundary condition is applied in each direction. The structure was preheated to 450 K under the condition of NVT, and then 21 Å for both sides of Cu and Cu3Sn were set as rigid bodies, as shown in figure 9 (a) ; to deform the interface model under mode-I, uniform velocity with a strain rate of 0.0027 ps -1 is applied to the rigid region of Cu3Sn along the direction that perpendicular to the interface. Virial stress is used for calculation of the tensile stress at the atomic level [36, 37] , as can be expressed as follows:
where mi and vi are the mass and velocity, respectively, of the atom i, Fij is the force between atom i and j, rij is the distance between atoms i and j, and the indices α and β denote the Cartesian components. The virial stress will be exported every 1 ps, and the averaged stress-displacement results for different model are shown in figure 9 (b) .
From figure 9 (b) , it can be found that the extension of the interface model begins with an elastic deformation, and after the curve reaches the first peak stress, it would drop sharply. Note that the model of the (001) surface only has one yield point, and the curve of averaged tress-displacement is shaped similar to the bilinear cohesive zone model; others have at least two or more yield points during deformation. In other words, the model of the (001) surface shows the strong brittleness, and with the increase of rotation angles for Cu lattice, the structure presents more toughness. Moreover, the mechanical responses for different structures vary from one another. the structure with (001) surface Cu has a yield stress of 9573 MPa, which is much larger than the results obtained from other structures (range of 5300-6400 MPa) and is slightly lower than the tensile result for single Cu3Sn from Hsien-Chie Cheng et al. [15] (σ22 with the strain rate of 0.362% ps -1 in their simulation). 
CSP and DXA analysis during deformation
For visualization of the defects (dislocations, stacking faults, and nanotwins, etc.) during deformation, the centro-symmetry parameter (CSP) introduced by Kelchner et al. [38] will be used here. The CSP for a given atom is defined as follows:
where N is the number of nearest neighbours (as Cu has the FCC structure, N = 12) for the underlying lattice of atoms. Ri and Ri+N/2 are vectors corresponding to the particular pairs of opposite nearest neighbours to the central atom. For a perfect lattice, the value of CSP is zero, whereas, for the regions that have defects or atoms close to free surfaces, it will increase to a positive value; a large CSP value indicates the symmetry is broken. We used OVITO software [39] for CSP analysis and the dislocation extraction algorithm, DXA (Dislocation analysis module in the software), to visualize the extracted dislocations and the corresponding Burgers vectors, which are observed as lines.
Considering the asymmetry of Cu3Sn, it is difficult to evaluate its defect via CSP and DXA.
From the atomic position snapshots in figure 10 , Cu is the crucial part during the deformation; thus, the investigation of defects in the Cu part will be helpful to understand the difference between the deformation process of different models. Figure 11 shows us the CSP and DXA snapshot corresponding to the first peak stress for both three interface models. It should be noted that the dislocation cores nucleate at the interface for all models; the DXA analysis results in the circle also shows all Shockley partials having Burgers vector 1/6 [112], and from figure 11 (c) we can find the maximum stress of the interface could be attributed to the nucleation of parallel stacking faults. It is worth noting that the extensions of these dislocations differ with each other: in the model with the Cu lattice rotates 15°, the dislocation core nucleates at the edge of the surface and extends inside the Cu part; when it rotates 30°, dislocation cores nucleate both at the interface and in the middle of the Cu region and have a tendency to combine together, resulting in fracture occurring in the middle of Cu; in the model that rotates 45°, a significant slip along the (001) surface of Cu is observed, and these defects will transfer apart from the interface to the bottom. This distinguishing of dislocations may lead to the difference in the fracture location between different models.
Conclusions
This paper involved the isothermal ageing test with the BGA packaging structure at 450 K.
Using the SEM and EBSD techniques, a nonuniform consumption of the Cu pad was observed, with a significant gradient along the solder interface. Considering the pad suffered a stress gradient in our test sample, and a large number of Kirkendall voids appeared at the interface between the Cu pad and the Cu3Sn type of IMC. Because pressure was considered as the cause of this phenomenon, this paper investigated the effect of stress on atom diffusivity in Cu-Cu3Sn interface structure via MD simulation. By comparing the diffusion coefficient of each region in the structure with various magnitude of stress, tensile stress was found to inhibit the diffusion of atoms in Cu3Sn, whereas the compress stress promotes it; this difference becomes more significant with a larger magnitude of stress. In our simulation at both 450 K and 600 K, the diffusion coefficients of Cu3Sn are much higher than it in Cu part, especially for the condition at 600 K, the diffusion coefficient of Cu3Sn nearest to the interface is 6.7E-09 cm 2 /s under a compressive stress of 400 MPa, which is 18.6 times larger than the result under the tensile stress of the same magnitude (3.6E-10 cm 2 /s). Moreover, at the temperature of 600 K, the same phenomenon could also be found in the Cu part, with a nearly 10-fold difference of diffusion coefficient between the result under a compress stress of 400 MPa and loadfree case. This large difference of diffusion coefficient will surely induce the uniform consumption of the pad.
This paper also investigated the effect of Cu orientation on the diffusivity of atoms in Cu-Cu3Sn interface structure. From the distribution of diffusion coefficient in four types of structures at 450 K, we can find that, the diffusion coefficient of Cu3Sn in the model that has (101) surface Cu at the interface has the highest magnitude when compared with other models: Compared to the result in the structure with the (001) surface Cu, the diffusion coefficient of Cu3Sn in the structure that (101)
surface Cu increased to 2.95E-09 cm 2 /s, and the diffusion coefficients of Cu layers in both rotated structures have a higher magnitude than that in the structure with (001) surface Cu. Thus, the orientation of Cu has a higher effect on the uniform consumption of pad compared to the stress at 450 K, and a single-crystal Cu pad with the (001) plane at the solder interface will be of great help to reduce the consumption of Cu.
To evaluate the interface strength of the Cu-Cu3Sn interface structure, a tensile test perpendicular to the interface for both structures with different orientations of Cu was simulated in this paper. The result showed the model of (001) surface has strong brittleness, and it has the largest interface strength of 9573 MPa. With increase of rotation angles for the Cu lattice, the structure shows more toughness, and the interface strength is reduced to a range of 5300-6400 MPa. From the atomic position snapshots, the fraction locations are responsible for the difference of interface strength, and the fracture in the (001) surface model is located at the interface, whereas, with the increase of rotation angle, the fracture locations move towards the Cu part gradually. This means the interface strength in Cu-Cu3Sn interface structure is greater than the yield stress of the related single crystal Cu, so the orientation of Cu in pad will be the critical factor of the reliability in Cu-Cu3Sn interface structure. Combined with the CSP and DXA results, dislocation cores appeared at the interface first, and only Shockley partials that have Burgers vector 1/6 [112] could be found in our simulation, and the maximum stress of the interface is attributed to the nucleation of parallel stacking faults. The extensions of dislocation in different models differ from one another with the
